A new and efficient synthetic approach is reported for biologically interesting prenylated chalcones, 4'-Omethylxanthohumol (3), xanthohumol E (4), and sericone (5) from 2,4,6-trihydroxyacetophenone. The strategies involve the introduction of a prenyl group onto an aryl ring, benzopyran formation, and basecatalyzed aldol reactions.
Introduction
Prenylated chalcones are an abundant subclass of flavonoids that are widely distributed in nature. 1 Members of prenylated chalcones are associated with a wide variety of biological activities such as antimalarial, 2 antidiabetic, 3 antifungal, 4 antibacterial, 5 antitumor, 6 antimetastatic, 7 antioxidative, 8 anti-inflammatory, 9 and NF-κB inhibitory activities. 10 This wide range of biological activity has stimulated interest in the synthesis of naturally occurring prenylated chalcones. Among these, xanthohumol (1), desmethylxanthohumol (2), 4'-O-methylxanthohumol (3), and xanthohumol E (4) were isolated from Humulus lupulus (hop plant), which are cultivated in virtually all temperate zones in the world (Figure 1) . 11 This plant is widely used in the brewing industry to add bitterness and aroma to beer. 12 These compounds have been found to have a variety of interesting biological activities. In particular, they have been shown to be potential anti-proliferative 13 and cancer chemopreventive agents 14 with broad-spectrum for the treatment of both breast and prostate cancers. They have been also shown to possess therapeutic utility, including hormonal activity for the treatment of osteoporosis, 15 an antioxidant for the treatment of atherosclerosis, 16 and inhibitory activity against HIV-I. 17 In addition, these compounds have also significant anti-inflammatory 18 and antimutagenic activities. 14a Synthetic approaches to xanthohumol (1), 19 desmethylxanthohumol (2), 20 and 4'-O-methylxanthohumol (3) 21 have been already reported by other groups. However, the total synthesis of xanthohumol E (4) has not been reported thus far. Sericone (5), a regioisomer of xanthohumol E (4), was isolated from another plant, Mundulea sericea. 22 One synthetic approach to sericone (5) was reported by Diller, but this synthetic method suffers from the disadvantages of having many reaction steps. 22 This range of important biological properties and activities has stimulated research into the synthesis of naturally occurring 4'-O-methylxanthohumol (3), xanthohumol E (4), and sericone (5).
Results and Discussion
Recently, we developed a new and useful methodology for preparing a variety of benzopyrans using ethylenediamine diacetate-catalyzed reactions of resorcinols or naphthols to α,β-unsaturated aldehydes. 23 Using this methodology as a key step, convergent synthetic routes have also been developed to provide biologically interesting natural products with benzopyran moiety. 24 As part an of ongoing study into the synthetic efficacy of these two methodologies, this paper reports a new synthetic route for biologically interesting prenylated chalcone natural products, 4'-O-methylxanthohumol (3), xanthohumol E (4), and sericone (5). The synthesis of natural 4'-O-methylxanthohumol (3) was first attempted starting from 2,4,6-trihydroxyacetophenone (6), as shown in Scheme 1. Previous studies reported that Cprenylation can be achieved with prenyl bromide in the presence of either potassium hydroxide 22 or potassium carbonate. 25 Under these conditions, the desired product 7 was obtained in 30-34% yield. A better yield was obtained with DBU. A reaction of compound 6 with prenyl bromide in the presence of 1.1 equiv of DBU in THF at room temperature for 48 h gave compound 7 in 40% yield. Treatment of compound 7 with 2 equiv of dimethyl sulfate in the presence of potassium carbonate in acetone at room temperature for 4 h gave product 8 in 65% yield. An aldol reaction was next attempted to complete the synthesis of natural 4'-O-methylxanthohumol (3). The condensation of compound 8 with benzaldehyde 9 protected as a SEM ether in an ethanolic KOH solution at room temperature for 48 h afforded product 10 in 75% yield. Deprotection of compound 10 through a treatment with c-HCl in methanol at room temperature for 1 h gave the natural product 3 in 76% yield. The spectral data of the synthetic material 3 were in agreement with those reported in the literature. 26 Next, the total synthesis of xanthohumol E (4) and sericone (5) was attempted. The strategy is depicted in Scheme 2. Xanthohumol E (4) and sericone (5) can be prepared from the base-catalyzed aldol reactions of the corresponding compounds 11 and 12 with the benzaldehyde 9 protected as a SEM ether. The crucial intermediates 11 and 12 could be generated from prenylated phloroacetophenone 7 through ethylenediamine diacetate-catalyzed benzopyran formation reactions.
Schemes 3-5 show the reaction pathway for the synthesis of natural xanthohumol E (4) and sericone (5) . The cycloadditon reaction of prenylated compound 7 described above was first attempted (Scheme 3). A reaction of compound 7 with 3-methyl-2-butenal in the presence of 20 mol% of ethylenediamine diacetate (EDDA) in methylene chloride at room temperature for 12 h provided the products 11 and 12 in 50 and 43% yield, respectively. These two compounds were readily separated by column chromatography and assigned by a comparison with other compounds including these types of benzopyran skeletons as an angular and linear form. 27 The chemical shifts of the two vinylic protons on the pyranyl ring of compound 11 were more upfield than those of compound 12. The 1 H NMR spectrum of compound 11 showed two vinylic protons on the pyranyl ring at δ 6.52 (J = 9.9 Hz) and 5.41 (J = 9.9 Hz), whereas compound 12 showed two vinylic protons at δ 6.60 (J = 9.9 Hz) and 5.43 (J = 9.9 Hz).
Next, further reactions shown in Scheme 4 were carried out to complete the synthesis of xanthohumol E (4). Protection of compound 11 with 2.5 equiv of MOMCl in the presence of diisopropylethylamine in methylene chloride at room temperature for 12 h provided compound 13 in 90% yield. Compound 13 was then condensed with the corresponding aldehyde 9 in ethanolic KOH solution at room temperature for 48 h to give pyranochalcone 14 in 83% yield. Attempts to deprotect compound 14 with TBAF or magnesium bromide diethyl etherate 28 did not give the desired natural product 4. Fortunately, all the protecting groups were easily removed by a treatment with c-HCl in methanol at room temperature for 1 h to yield xanthohumol E (4) in 70% yield. The spectroscopic data of synthetic material 4 were in agreement with those reported in the literature. 29 Additional reactions were carried out to synthesize sericone (5) as shown in Scheme 5. A reaction of compound 12 with 2.5 equiv of MOMCl gave product 15 in 92% yield. Condensation of compound 15 with benzaldehyde 9 in KOH at room temperature for 48 h followed by cleavage of the MOM and SEM ethers with c-HCl in methanol at room temperature for 1 h afforded sericone (5) in 52% yield (2-steps).
In conclusion, a new and concise synthetic route for biologically interesting prenylated pyranochalcone natural products, 4'-O-methylxanthohumol (3), xanthohumol E (4), and sericone (5) was developed starting from 2,4,6-trihydroxyacetophenone (6). The key strategies for 4'-O-methylxanthohumol (3) involve the insertion of a preyl group onto the aryl ring and base-catalyzed aldol reactions. The key strategies for xanthohumol E (4) and sericone (5) involve benzopyran formation reactions and base-catalyzed aldol reactions.
Experimental
All the experiments were carried out in a nitrogen atmosphere. Merck precoated silica gel plates (Art. 5554) with a fluorescent indicator were used for analytical TLC. Flash column chromatography was performed using silica gel 9385 (Merck). The 1 H NMR and 13 C NMR spectra were recorded on a Bruker Model ARX (300 and 75 MHz, respectively) spectrometer in CDCl 3 and benzene d 6 as the solvent chemical shift. The IR spectra were recorded on a Jasco FTIR 5300 spectrophotometer. The HRMS and MS spectra were carried out at the Korea Basic Science Institute.
2,4,6-Trihydroxy-3-prenylacetophenone (7). A mixture of phloracetophenone (6) (2.02 g, 12.0 mmol), prenyl bromide (1.79 g, 12.0 mmol), and DBU (2.01 g, 13.2 mmol) in dry THF (50 mL) was stirred at room temperature for 48 h. Addition of 2 N HCl solution (50 mL), and extraction with ethyl acetate (3 × 50 mL), washing with brine (50 mL), drying over MgSO 4 and removal of the solvent followed by flash column chromatography on silica gel using hexane/ ethyl acetate (5:1) gave 7 (1. 13 2-Hydroxy-4,6-dimethoxy-3-prenylacetophenone (8). K 2 CO 3 (1.87 g, 13.50 mmol) was added to a solution of 7 (0.64 g, 2.7 mmol) in acetone (10 mL) at room temperature. Dimethyl sulfate (0.68 g, 5.4 mmol) was then added dropwise, and the mixture was stirred at room temperature for 4 h. A saturated NH 4 Cl solution (50 mL) was added and the mixture was extracted with ethyl acetate (30 mL × 3). The organic layer was dried over MgSO 4 and the solvent was removed under reduced pressure to leave an oily residue. The residue was then purified by column chromatography on silica gel using hexane/ethyl acetate 
4'-O-Methylxanthohumol (3).
To a solution of 10 (0.16 g, 0.31 mmol) in methanol (10 mL) was added c-HCl (5 drops) and the reaction mixture was stirred at room temperature for 1 h. The reaction mixture was diluted with water (20 mL), and extracted with EtOAc (3 × 30 mL). The combined organic phases were washed with saturated NaHCO 3 solution (30 mL), water (30 mL), and dried over MgSO 4 . Removal of solvent at reduced pressure left an oily residue, which was then purified by column chromatography on silica gel using hexane/ethyl acetate 
1-(5,7-Dihydroxy-2,2-dimethyl-6-prenyl-2H-chromen-8-yl)ethanone (11) and 1-(5,7-dihydroxy-2,2-dimethyl-8-prenyl-2H-chromen-6-yl)ethanone (12).
To a solution of 7 (0.66 g, 2.8 mmol) and 3-methyl-2-butenal (0.47 g, 5.6 mmol) in methylene chloride (20 mL) was added ethylenediamine diacetate (0.10 g, 0.6 mmol) at room temperature. The reaction mixture was stirred at room temperature for 12 h. Water (50 mL) was added and the solution was extracted with methylene chloride (3 × 50 mL). Evaporation of solvent and purification by column chromatography on silica gel using hexane/ethyl acetate (10:1) gave 11 (0.42 g, 50%) and 12 (0.36 g, 43%). Compound 14. To a solution of 13 (0.26 g, 0.7 mmol) in ethanol (10 mL) was added potassium hydroxide (0.19 g, 3.3 mmol) and aldehyde 9 (0.25 g, 1.0 mmol) at room temperature. The reaction mixture was stirred for 48 h at room temperature. Evaporation of ethanol and extraction with ethyl acetate (3 × 50 mL), washing with 2 N HCl solution (30 mL), water (30 mL), and brine (30 mL), drying over MgSO 4 and removal of the solvent followed by flash column chromatography on silica gel using hexane/ethyl acetate Compound 16. To a solution of 15 (0.22 g, 0.6 mmol) in ethanol (10 mL) was added potassium hydroxide (0. 16 g, 2.9 mmol) and aldehyde 9 (0.22 g, 0.9 mmol) at room temperature. The reaction mixture was stirred for 48 h at room temperature. Evaporation of ethanol and extraction with ethyl acetate (3 × 50 mL), washing with 2 N HCl solution (30 mL), water (30 mL), and brine (30 mL), drying over MgSO 4 and removal of the solvent followed by flash column chromatography on silica gel using hexane/ethyl acetate (10:1) gave 16 (0.29 g, 80%) as an oil: Sericone (5). To a solution of 16 (0.21 g, 0.3 mmol) in methanol (10 mL) was added c-HCl (5 drops) and the reaction mixture was stirred at room temperature for 1 h. The reaction mixture was diluted with water (20 mL), and extracted with EtOAc (3 × 30 mL). The combined organic phases were washed with saturated NaHCO 3 solution (30 mL), water (30 mL), and dried over MgSO 4 . Removal of solvent at reduced pressure left an oily residue, which was then purified by column chromatography on silica gel using hexane/ethyl acetate (2:1) to give 5 (0.09 g, 65%) as an oil; 
